ABSTRACT Background: Despite the centrality of nutrition in the management of type 1 diabetes, the association of diet quality and macronutrient distribution with glycemic control is ambiguous. Objective: This study examined longitudinally the association of dietary intake with multiple indicators of glycemic control in youth with type 1 diabetes participating in a behavioral nutrition intervention study. Design: Participants in a randomized clinical trial of a behavioral nutrition intervention [n = 136, age (mean 6 SD) 12.8 6 2.6 y, glycated hemoglobin (HbA1c) 8.1% 6 1.0%, 69.1% using an insulin pump] completed 3-d diet records at baseline and months 3, 6, 9, 12, and 18; masked continuous glucose monitoring (CGM) data were obtained concurrently with the use of the Medtronic iPro CGM system. HbA1c was obtained every 3 mo; 1,5-anhydroglucitol was obtained every 6 mo. Linear mixed-effects regression models estimated associations of time-varying dietary intake variables with time-varying glycemic control indicators, controlling for age, height, weight, sex, Tanner stage, diabetes duration, regimen, frequency of blood glucose monitoring, physical activity, and treatment assignment. Results: HbA1c was associated inversely with carbohydrate and natural sugar, and positively with protein and unsaturated fat. 1,5-Anhydroglucitol was associated positively with fiber intake and natural sugar. Greater glycemic control as indicated by $1 CGM variable was associated with higher Healthy Eating Index-2005, whole plant food density, fiber, carbohydrate, and natural sugar and lower glycemic index and unsaturated fat. Conclusions: Both overall diet quality and macronutrient distribution were associated with more optimal glycemic control. Associations were more consistent for CGM variables obtained concurrently with dietary intake than for biomarkers of longer-term glycemic control. These findings suggest that glycemic control may be improved by increasing intake of high-fiber, low glycemic-index, carbohydratecontaining foods. This trial was registered at clinicaltrials.gov as NCT00999375.
INTRODUCTION
Although nutrition is considered a cornerstone of type 1 diabetes management, dietary recommendations for the management of type 1 diabetes have shifted from strict meal plans to an emphasis on carbohydrate estimation, along with healthful eating consistent with dietary guidelines for the general population (1) . Consequently, the focus of medical nutrition therapy is on assisting families to integrate the insulin regimen and carbohydrate estimation into their lifestyle, conforming to preferred meal routines, food choices, and physical activity patterns (1, 2) . Dietary intake in youth with type 1 diabetes is known to fall short of dietary guidelines (3) , and there is some evidence that the necessary focus on carbohydrate intake may detract attention from overall healthful eating (4) . This is of particular importance given the increased risk of cardiovascular disease associated with type 1 diabetes (5).
Cross-sectional research suggests that diets characterized by higher carbohydrate (6, 7) , lower fat (6) (7) (8) , lower added sugar (9) , higher fiber (9) , and higher fruit and vegetable (9, 10) intake are associated with better glycemic control as indicated by lower glycated hemoglobin (HbA1c). 5 However, findings are conflicting, with some studies showing no association (11) (12) (13) , and one study showing better glycemic control with lower carbohydrate intake (14) . In short-term experimental studies, a lower dietary glycemic index has been associated with greater glycemic control (15) (16) (17) (18) ; however, there is insufficient data on the effect of dietary glycemic index in a free-living population. Few longitudinal studies have examined the association of dietary intake with glycemic control. In one small study of 34 children followed for 2 y, greater dietary fat was associated with poorer glycemic control (19) . In experimental studies, glycemic control 1 This research was supported by the intramural research program of the NIH, Eunice Kennedy Shriver National Institute of Child Health and Human Development, contract nos. HHSN267200703434C and HHSN2752008000031/ HHSN275002. 2 Supplemental Tables 1-4 are available from the "Online Supporting Material" link in the online posting of the article and from the same link in the online table of contents at http://ajcn.nutrition.org.
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improved on a diet high in dietary fiber (20) ; however, no differences in glycemic control were seen in a small crossover study comparing a low-fat diet with a standard diet (21) .
The purpose of this study was to examine longitudinally the association of dietary intake with glycemic control in a sample of youth with type 1 diabetes participating in a behavioral nutrition intervention trial. Multiple indicators of glycemic control were evaluated, including HbA1c, 1,5-anhydroglucitol (an indicator of recent hyperglycemic excursions), and blood glucose monitoring data obtained concurrently with dietary intake data.
METHODS

Design and participants
Parent-youth dyads (n = 136) participated in a randomized controlled trial of a behavioral nutrition intervention designed to increase the intake of whole plant foods in youth with type 1 diabetes. The study (registered at clinicaltrials.gov as NCT00999375) was conducted at an outpatient, freestanding, multidisciplinary tertiary diabetes center in Boston, Massachusetts. Eligibility criteria included the following: age 8.0-16.9 y, diagnosis of type 1 diabetes for $1 y, taking a daily insulin dose of $0.5 units/kg, most recent HbA1c 6.5-10.0%, intensive insulin therapy with either an insulin regimen of $3 injections/d or insulin pump, $1 clinic visit in the previous year, and ability to communicate in English. Exclusion criteria included daily use of premixed insulin, transition to insulin pump therapy in the previous 3 mo, real-time continuous glucose monitoring (CGM) use in the previous 3 mo, participation in another intervention study in the previous 6 mo, presence of gastrointestinal disease such as celiac disease, multiple food allergies, use of medications that interfere substantially with glucose metabolism, or serious mental illness. Sample size was based on detecting meaningful differences in dietary intake and glycemic control between intervention and control conditions, and has been reported in detail previously (22) .
Procedures
The study was conducted from August 2010 through May 2013. Participants were recruited by research staff at regular clinic visits and were enrolled in the study for 18 mo. All youth provided assent; parents and youth turning 18 y of age during the trial provided written informed consent. Random assignment was conducted by the data coordinating center and was stratified by age (,13 y or $13 y), HbA1c (,8.5% or $8.5%), and insulin regimen (injection or insulin pump). Study visits were completed in the clinic; diet records were completed in the home after study visits. Study procedures were approved by the institutional review boards of the participating institutions. Intervention procedures have been described in detail previously; the intervention resulted in improved diet quality but did not affect HbA1c (22) .
Measures
Dietary intake
Families completed 3-d youth food records at baseline and 3, 6, 9, 12, and 18 mo. Research assistants instructed families on accurately measuring and reporting food and beverage intake, including use of measuring utensils when at home, and gave them a sample diet record. Families were asked to provide all specific details for each food item, including names of brands or restaurants and specific item labeling (e.g., low fat or 1% milk). Research staff reviewed the completed records on receipt from the family to ensure completeness, and solicited missing information from the family as needed. For visits in which a family did not complete a diet record, 2 nonconsecutive 24-h dietary recalls were obtained by a registered dietitian (1.7% of assessments). Diet records were entered by 2 registered dietitians and verified for consistency and accuracy. Nutrition Data System for Research (NDSR; Nutrition Coordinating Center, University of Minnesota) software from 2012 was used to analyze the records and provide estimates of food group servings, fiber, glycemic index, and percentage of energy intake from fat, saturated fat, carbohydrate, protein, total sugar, and added sugar. The NSDR considers added sugar to be that added during processing or preparation of foods; naturally occurring sugars, including fructose in fruit or lactose in milk, are not included (23) . Natural sugar was calculated by the authors by subtracting added sugar from total sugar. The NDSR obtains published measured glycemic index values for each food and links them to foods in the database with the use of methodology described for the National Cancer Institute Diet History Questionnaire Database (24) . The NDSR assigns values for foods with no published measured glycemic index values by estimating from similar items, calculating from the available amount of carbohydrate or assigning a default value (23) . The glycemic index for the dietary reporting period is calculated with the use of the glycemic index and available carbohydrate for each food. In addition, 2 indicators of overall diet quality were calculated. The Healthy Eating Index-2005 (HEI-2005) measures conformance to the 2005 Dietary Guidelines for Americans, and comprises 12 component scores corresponding to dietary guidelines for intake of total fruit, whole fruit, total vegetables, dark green or orange vegetables and legumes, total grains, whole grains, milk, meat and beans, oils, saturated fat, sodium, and energy from solid fat, alcohol, and added sugars (25) . The maximum component score is assigned if intake meets recommended intake levels, and is truncated for intake levels exceeding recommendations. Recommendations and scores are expressed on a per-1000 kcal basis to enable comparability across individuals with varying total energy requirements. Component scores are summed to obtain the total score, with possible values ranging from 0 to 100; a score of 100 indicates meeting intake recommendations for all dietary components. Whole plant food density (WPFD) is a continuous measure that represents the proportion of the diet allocated to whole grains, whole fruit, vegetables, legumes, nuts, and seeds; it is calculated as the total number of cup-or ounce-equivalents per 1000 kcal of total energy consumed (26) .
Glycemic control
HbA1c was measured at each clinic visit with the use of a laboratory assay standardized to the Diabetes Control and Complications Trial [reference range: 4-6% (20-42 mmol/mol)]. Initial HbA1c assays were performed with a Tosoh (Tosoh Medics) followed by a Roche Cobas Integra. All values obtained with the Tosoh were standardized to the Roche assay. An enzymatic (glucokinase) assay (GlycoMark) was used to measure 1,5-anhydroglucitol at baseline and 6, 12, and 18 mo. Participants were also assessed by using 3-d masked CGM with the use of the Medtronic iPro Continuous Glucose Monitoring System at baseline and 3, 6, 9, 12, and 18 mo, in conjunction with completion of diet records. The CGM device was inserted subcutaneously by a diabetes nurse educator and calibrated according to standard operating guidelines. Participants were instructed to conduct blood glucose checks 4 times/d before meals or at bedtime. After completion of the monitoring period, the device was returned to the clinic and data was downloaded for analysis. The GlyCulator glycemic variability calculation tool (27) was used to calculate summary indexes across the monitoring period. In addition to the mean glycemia of CGM data, several indexes were examined to obtain a comprehensive understanding of the association of diet with glycemic variability. These included the SD of mean glycemia of CGM data (an indicator of all glucose fluctuations), mean amplitude of glycemic excursions (MAGE; an indicator of the magnitude of glucose fluctuations), percentage of values .180 mg/dL (indicating hyperglycemia), and percentage of values ,70 mg/dL (indicating hypoglycemia). Data from participants at any assessment period in which CGM record time was ,24 h were not included.
Clinical and demographic data
Date of diagnosis, insulin regimen, age, sex, height, and Tanner stage were extracted from the medical records at each study visit. Demographic characteristics were assessed by parent self-report. Frequency and duration of moderate and vigorous physical activity were assessed with the use of questions from the Behavioral Risk Factor Surveillance System (28) . A single continuous variable was calculated by counting each minute of vigorous activity as equivalent to 2 min of moderate activity (29) .
Analyses
Baseline participant demographics, disease-related characteristics, dietary intake, and glycemic control indicators were summarized with means and SDs for continuous variables and frequencies for categorical variables. Baseline differences between intervention and control groups were tested with the use of t tests for continuous variables and chi-square analysis for categorical variables. Random-effects models estimated associations of time-varying youth dietary intake variables with glycemic control indicators, controlling for youth age, height, weight, sex, Tanner stage, diabetes duration, regimen, frequency of blood glucose monitoring, physical activity, and treatment assignment. Moreover, the interaction of insulin regimen (insulin pump compared with injection) with each dietary intake variable was tested. Each dietary intake variable was also standardized (z score), and models were run with the use of these standardized dietary intake variables to facilitate comparison of effect size across dietary intake variables that had different ranges. Analyses were conducted with the use of Stata version 14, mixed command.
RESULTS
Of 622 eligible youth invited to participate, 148 (24%) provided informed consent and 139 (22%) completed baseline. Data were excluded from one sibling each in 3 sibling pairs, resulting in a final sample of 136; 125 (92%) were retained through study completion (longitudinal analyses include all available data from each subject through withdrawal or study completion). Baseline sample characteristics are summarized in Table 1 . Random-effects models that estimated associations of HbA1c with dietary intake demonstrated that better glycemic control as indicated by lower HbA1c was associated with a higher percentage of energy from carbohydrate, lower percentage of energy from protein, and lower percentage of energy from unsaturated fat ( Table 2 ; results with the use of standardized dietary variables are presented in Supplemental Table 1 )
Greater HEI-2005, WPFD, and fiber intake were associated with more optimal glycemic control as indicated by CGM summary values of mean, SD, percentage of values .180, and MAGE ( Table 3 ; results with the use of standardized dietary variables are presented in Supplemental Table 2 ). A lower glycemic index was associated with a lower SD and MAGE; associations with lower mean and percentage of values .180 were not statistically significant. A greater percentage of intake from carbohydrate, percentage of energy from total sugar, and percentage of energy from natural sugar were associated with lower mean and percentage of values .180, but also a greater percentage of values ,70. A greater percentage intake from total sugar and natural sugar was also associated with a lower SD, and percentage of intake from natural sugar was associated with a lower MAGE. A greater percentage of intake from total fat and unsaturated fat was associated with greater mean and percentage of values .180, and a lower percentage of values ,70, whereas percentage of intake from saturated fat was associated with a lower percentage of values ,70.
Interactions of insulin regimen with dietary intake variables on glycemic control indicators are presented in Supplemental  Tables 3 and 4 . Overall, there were few meaningful interaction terms, with no overall pattern or clear difference in the effect of dietary intake on glycemic control by regimen.
DISCUSSION
Findings from this study indicate an association of both macronutrient distribution and diet quality with glycemic control in youth with type 1 diabetes. Higher HEI-2005, WPFD, and intake of fiber, natural sugar, and carbohydrate, and lower glycemic index were associated with multiple measures of better glycemic control. Higher unsaturated fat was associated with several measures of poorer glycemic control. Associations of dietary intake with glycemic control were stronger and more consistently observed for the CGM indicators obtained concurrently with diet than for the biomarkers of longer-term glycemic control. In an analysis of the associations of glycemic control with HbA1c and 1,5-anhydroglucitol, the diet record serves as an estimate of usual intake, but the time period of recording is not equivalent to the time period represented by the glycemic control biomarker. As such, the use of CGM data allows DIET QUALITY AND GLYCEMIC CONTROL IN YOUTH for greater precision in examining the effect of dietary intake on glycemic control.
Dietary fiber and intake of whole plant foods were associated with better glycemic control across several indicators. The mean intake of these dietary components was notably well below dietary guidelines (30) , consistent with intake in the general US population (31) . Previous research suggests that families may not recognize consumption of these foods as potentially benefitting diabetes management (4, 32) . Findings from this study indicate the relevance of overall diet quality in promoting optimal glycemic control, and suggest the importance of efforts to improve diet quality in the clinical management of youth with type 1 diabetes.
The association of glycemic index with glycemic control was observed only for the CGM variables of SD and MAGE; associations with mean and percentage of values .180 were not statistically significant. Findings suggest a clearer effect of glycemic index on blood glucose variability than on mean blood glucose, in contrast to previous experimental studies finding lower mean blood glucose resulting from a lower-glycemic index diet (33) . Findings from the current study may reflect the limited variance in glycemic index observed in this sample. A hypothesized pathway by which diet quality may affect glycemic control is the diet's glycemic index (34) . However, findings from this study indicating associations of diet quality with glycemic control 1 Values are means 6 SDs or n (%). 2 Comparisons between intervention and control groups with the use of independent t tests for continuous variables or chi-square for categorical variables. 3 Missing data from 1 participant on highest parental education and from 2 participants on family income. 4 Indicates conformance to 2005 Dietary Guidelines for Americans [minimum = 0 (no conformance); maximum = 100 (complete conformance)]. 5 Continuous measure representing the total number of cup-or ounce-equivalents per 1000 kcal consumed of whole grains, fruit, vegetables, legumes, nuts, and seeds. 6 Calculated based on the effect on postprandial glycemia in reference to glucose.
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in the absence of an association with glycemic index suggest the existence of other mechanisms by which overall diet quality affects glycemic control.
The association of natural sugar with better glycemic control has important clinical implications for nutrition education in families of youth with type 1 diabetes. Research indicates that youth with type 1 diabetes consume less fruit than youth in the general population (12, 35) , and it suggests that families may avoid fruit intake because of concerns that the high sugar content of fruit may elevate blood glucose (4) . In this study, natural sugar was calculated by subtracting added sugar from total sugar; it therefore did not examine fruit sugar in isolation, and findings do not indicate the effect of fruit in specific on blood glucose. However, these findings do suggest the importance of educating families that natural sugars do not adversely affect blood glucose control, educating them on the benefits of fruit intake, and allaying erroneous concerns that fruit may adversely affect blood sugar. Families also might be counseled regarding lower-glycemic index fruits, which are associated with better glycemic outcomes in persons with type 2 diabetes (36).
Previous research examining the association of dietary intake with glycemic control often has focused on macronutrient intake. In this study, the associations of macronutrient intake with glycemic control were less consistent across multiple indicators of glycemic control than were associations with diet quality. However, our findings are generally consistent with previous cross-sectional research showing positive associations of dietary carbohydrate (6, 7) and adverse associations of dietary fat (6-8) with glycemic control. Previous research has documented a hyperglycemic effect of fat on acute postprandial glucose concentrations (33) , which may result from insulin resistance that is induced by free fatty acids along with increased hepatic glucose output (37) .
Although higher carbohydrate and lower fat intake were associated with better glycemic control across several indicators, they also were associated with a greater percentage of values Continuous measure representing the total number of cup-or ounce-equivalents per 1000 kcal consumed of whole grains, fruit, vegetables, legumes, nuts, and seeds. 4 Calculated based on the effect on postprandial glycemia in reference to glucose. Continuous measure representing the total number of cup-or ounceequivalents per 1000 kcal consumed of whole grains, fruit, vegetables, legumes, nuts, and seeds. 4 Calculated based on effect on postprandial glycemia in reference to glucose.
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,70. Efforts to improve glycemic control frequently increase the occurrence of hypoglycemia, which could dissuade families from making otherwise healthful changes. As such, providers should assess family perceptions regarding dietary strategies for preventing hypoglycemia, ensure that families are skilled in carbohydrate estimation, and assist them in management strategies to minimize hypoglycemic excursions.
Several limitations should be considered when interpreting these findings. The sample was limited to youth receiving intensive insulin therapy, and excluded youth in poor glycemic control (HbA1c .10.0%). Assessment of dietary intake is known to be susceptible to reporting error; however, food records capture diet with great detail relative to food-frequency questionnaires or diet screeners, and are less susceptible to recall bias (38) . Data were obtained in the context of a randomized controlled trial; these findings are presented as secondary data analyses. Study strengths include the longitudinal design, the use of multiple 3-d records to assess dietary intake, and the inclusion of multiple measures of glycemic control, including CGM data. To our knowledge, this is the first study examining the association of dietary intake with glycemic control measured concordantly by diet records and CGM.
Findings from this study indicate the relevance of efforts to improve the overall diet quality of youth with type 1 diabetes for promoting optimal diabetes management. The diets of youth with type 1 diabetes fall far short of meeting dietary guidelines, with inadequate intake of fruit, vegetables, and whole grain; insufficient fiber; and excessive fat and added sugar (3). Findings from this study suggest that glycemic control may be improved by increasing intake of high-fiber, low-glycemic index, carbohydrate-containing foods, particularly whole plant foods.
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